Since the first identified Cryptosporidium outbreaks occurred in the 1980s and the massive 1993 Milwaukee, WI outbreak affected more than 400,000 people, the concern over the public health risks linked to protozoan pathogens Cryptosporidium and Giardia has grown. Cryptosporidium and Giardia, found in streams, rivers, groundwater, and soil, form hardy, disinfection-resistant oocysts and cysts. Both organisms are recognized causative agents of gastrointestinal illnesses linked to the consumption of contaminated surface or groundwater. This study, the first in a planned series to estimate the urban contribution to the total Cryptosporidium and Giardia receiving-water loads, focused on combined sewer overflow (CSO). CSOs are discharges of mixed untreated sewage and stormwater released directly into receiving waters during rainfall. This engineered relief is necessary to accommodate hydraulic strain when the combined rain and sanitary flows exceed the system capacity. Limited comprehensive data are available assessing the CSO discharge contribution as a source of these two pathogens. Works by States et al. and Gibson et al. each found Cryptosporidium and much greater Giardia concentrations in CSOs draining parts of Pittsburgh, PA. This project estimated the relative detection frequency and concentration of Cryptosporidium and Giardia in CSO. Analytical results were obtained using a modification of Method 1623, originally developed for much cleaner environmental samples.
cryptosporidiosis. Cryptosporidium, therefore, can cause some alarming public health problems, particularly for people with weakened immune systems, especially Acquired Immunodeficiency Syndrome (AIDS) patients, in whom severe and protracted diarrhea can persist for months with considerable weight loss and mortality (Gerba et al. 1996; Rose 1997) . Individuals may become infected with as few as 30 oocysts (AWWA 1999) .
Giardia
Giardia lamblia, also known as Giardia duodenalis or Giardia intestinalis, is the most common cause of human protozoan infection. Sometimes referred to as "beaver fever," "hiker's disease," or "camper's disease," Giardia infection, giardiasis, causes abdominal cramps, diarrhea, and bloating. The infection is transmitted by tiny spores or egg-like cells called cysts measuring 9 to 12 mm in length.
There are several species of Giardia, but humans are usually infected by Giardia lamblia. Due to its thick wall, the Giardia cyst can survive weeks or months in fresh water, although it is less hardy than the Cryptosporidium oocyst (Rosen 2000) . The infective dose for Giardia cysts varies from ten to one million viable cysts, depending on the immune system of the host. Giardiasis can be treated with drugs, including metronidazola, furazolidone, trinidazole, and paromomycin, therefore, it is not regarded as a fatal disease. Many individuals are asymptomatic carriers of Giardia (Rockwell 2002) .
HISTORICAL DATA
The largest recorded outbreak of cryptosporidiosis occurred in Milwaukee, WI in 1993, where an estimated 403,000 people were infected, and approximately 50 to 100 area residents with compromised immune systems died after becoming infected (Fox & Lytle, 1996; Blair 1994; Hoxie et al. 1996) . There have been more than 20 outbreaks of waterborne Giardia in the U.S. from recreational and surface drinking water contact between 1986 and 2000 (Levine et al. 1990; Herwaldt et al. 1992; CDC and U.S. EPA 1993; Kramer et al. 1996; Levy et al. 1998; Barwick et al. 2000; Lee et al. 2002) .
The occurrence of Giardia cysts and Cryptosporidium oocysts in receiving waters has been documented in Table 1 .
Limited data exists for these protozoa in CSO. In the analysis of five CSO samples, States et al. (1997) found Giardia cysts in 100% (geometric mean 28,681 cysts/100 l) and Cryptosporidium oocysts in 80% (geometric mean 2,013 oocysts/100 l). In analyzing eleven end-of-pipe CSO samples, Gibson et al. (1998) reported Cryptosporidium oocysts in 100% (geometric mean ¼ 6,036 oocysts/100 l) and Giardia cysts in 100% (geometric mean ¼ 35,402 cysts/100 l) of the samples. However, each CSO is confined to its unique sewershed, therefore comparisons must be carefully considered. Differences in CSO Cryptosporidium and Giardia concentrations are due to each watershed's unique characteristics. These differences also reflect the infected individuals within the watershed.
Encystment can protect protozoa from disinfection efforts (Frey et al. 1998) , making prevention and physical removal the preferred protection mechanism. Well operated drinking water plants can physically remove 99% of oocysts from infected raw waters. Therefore, efforts to protect source waters from this organism are critical. Identifying and characterizing Cryptosporidium and Giardia in discharges to drinking water supplies provide a basis for designing source water protection programs.
The U.S. EPA Long Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR) (U.S. EPA 2006), improves the control of Cryptosporidium in drinking water systems with the greatest risk levels. The LT2ESWTR promulgated January 2006, will supplement existing regulations by targeting additional Cryptosporidium treatment requirements to higher risk systems. U.S. EPA estimates that full implementation of this rule will reduce the incidence of cryptosporidiosis cases by 256,000 to 1,000,000 annually, with an associated reduction of 37 to 141 premature deaths.
The cost of this rule will be between $73.5 million and $111 million annually.
OBJECTIVES
This study was conducted to expand the database on the expected occurrence and concentration of Cryptosporidium 
SAMPLING, ANALYSIS AND QUALITY CONTROL Sampling
CSOs from three outfall sites were sampled and analyzed for Cryptosporidium and Giardia. All three CSO outfalls discharge to receiving waters that is a source for potable water. Samples were collected from two overflow events at each site for a total of six samples. Due to the probability of Upon visual confirmation of an overflow event, an effort was made to start sampling within five minutes of the start of overflow. Sample collection typically required 15 to 30 minutes. This sampling approach was based on the theory that the greatest number of oocysts and cysts would be found in the "first-flush," the period within the flow containing an elevated concentration. Although researchers have confirmed that the greatest concentrations of certain contaminants in some watersheds occur immediately after an overflow begins (Burton and Pitt 2002) , data produced by Gibson et al. (1998) to demonstrate this occurrence for
Cryptosporidium and Giardia are inconclusive. Both an increase and decrease of the concentrations of these protozoan parasites occurred during the "first-flush."
Verifying "first-flush" for Cryptosporidium and Giardia for the outfalls studied was outside the scope of this project.
The sample volume collected during the first two sampling events of eight 4 -l samples was found to be excessive. After the first two events, the sample size was decreased to four 4 -l samples. Using grab or automatic sampling as specified for the particular outfall, each CSO aliquot was transferred to a common container until the total volume was collected. The combined sample was homogenized using an electric mixer for at least 5 minutes before transferring to pre-disinfected 4 -l containers with a disinfected plastic ladle and funnel. The sample was then placed in an insulated cooler, iced to maintain temperature between 0 8C and 8 8C, sealed with a custody seal, and shipped for overnight delivery to the laboratory for analysis.
Analysis
Method 1623 Method 1623 is summarized as follows:
1. Filter sample volume, normally 10-l for drinking water.
2. Elute cysts and oocysts from the filter.
3. Centrifuge and aspirate the supernatant.
Subject the pellet containing cysts and oocysts to IMS
separating the cysts and oocysts from other material using magnetic beads attached to antibodies.
Stain the cysts and oocysts using fluorescently labeled
antibodies by FA.
6. Visually enumerate under fluorescence microscopy.
CSO samples contain high levels of interfering organisms, substances and materials that impede the concentration process and reduce accuracy. The IMS procedure defined in Method 1623 limits the volume of the centrifuged pellet to a maximum of 0.5 ml per aliquot. CSO solids are typically at concentrations 100 times of that found in drinking water supplies. Therefore, a small volume of sample was required to achieve the appropriate pellet volume. States et al. (1997) bypassed filtration, directly centrifuging 2-l samples of CSO to analyze for Giardia and Cryptosporidium. Similarly, in this study, the centrifugation step was used directly on the CSO sample, eliminating the filtration and elution steps.
The following is a summary of the modified Method 1623 used for CSO analysis in this study:
1. 1-l aliquots from each sample were poured into 1-l centrifuge tubes. Each sample was centrifuged at 1500 £ G for 15 minutes and allowed to coast to a stop.
Pellet volume mass was measured to see if the 0.5 ml volume required was met. If the pellet was significantly smaller than the required volume, the supernatant was decanted and an additional sample was added for further centrifugation. If the pellet was significantly larger than the required volume, it was resuspended and the sample volume was reduced and then centrifuged. The supernatant was withdrawn from each tube and a small amount of reagent water was added.
2. The pellet and reagent water from each 1-l centrifuge tube were decanted into a separate 50-ml centrifuge tube.
Each 1-l tube was rinsed using reagent-grade water.
Rinses from each tube were composited into the sample's respective 50-ml tube. The tubes were then subjected to secondary centrifugation for 15 minutes at 1500 £ G.
The supernatant was carefully aspirated to 5 ml using a Pasteur pipette and the pellet volume recorded.
Samples were subjected to IMS and analyzed per Method 1623. The final volume analyzed was recorded and reported.
Each sample was analyzed in quadruplicate for Cryptosporidium and Giardia to assess method variability, with results expressed in mean log concentration. CSO samples were also analyzed for endospores and five bacterial indicators by membrane filtration. CSO for total coliform (10 5 to 10 7 ), fecal coliform (10 4 to 10 6 ), E. coli (10 4 to 10 6 ) and Enterococcus (10 4 to 10 6 ). Olivieri et al. (1977) reported the expected density in CSO for fecal streptococcus (10 4 to 10 6 ). The aerobic spore procedure has been used by U.S. EPA on both sewage and drinking water. Raw wastewater was found to contain spore densities on the order of 10 5 CFU/100 ml and treated effluent contained densities on the order of 10 4 CFU/100 ml COD was analyzed following SM 5220. Upon arrival at the laboratory, pH, turbidity, and temperature were measured.
Quality control
The use of antibodies positive for Cryptosporidium and 
RESULTS
The microbial, physical and chemical properties measured (see Table 3 ) were consistent with literature-reported values for CSO samples. Cryptosporidium was not significantly found, therefore a meaningful relationship could not be tested with bacterial indicator or endospore concentrations. Bacterial indicator and endospore concentrations were not well correlated with
Giardia. The best correlated indicators were Enterococcus 
